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Muon-spin-relaxation (mSR) measurements were applied to the partially Zn-substituted Bi-2212 system,
Bi2Sr2Ca12xYx(Cu12yZny)2O81d , to study the Cu-spin state in a wide range of the hole concentration, p.
Singularity of the magnetic correlation between Cu spins at p; 18 per Cu has been confirmed clearly, proving
the existence of the so-called ‘‘ 18 effect’’ in the Bi-2212 system. The muon-spin depolarization rate of the
Zn-substituted sample with p; 18 per Cu (x50.3125 and y50.025) at 0.30 K has been found to exhibit nearly
a root-square dependence on the magnetic field applied along the initial muon-spin direction. This field
dependence can be explained by assuming that a magnetically excited state of Cu spins moves in a one-
dimensional direction producing fluctuating internal fields at the muon sites. The present mSR measurements
may support the existence of the stripe correlations of spins and holes in the Bi-2212 system also.I. INTRODUCTION
The so-called ‘‘ 18 effect’’ is now recognized as one of key
problems to elucidate the mechanism of high-Tc supercon-
ductivity ~SC!. This effect is characterized by several fea-
tures. One is that the SC is anomalously suppressed around
the hole concentration, p, is 18 per Cu.1,2 Another is that a
magnetically ordered state of Cu spins appears as the SC is
suppressed.3–7 The other is that this effect seems to be re-
lated to the structural phase transition from orthorhombic
~space group: Bmab, OMT phase! to tetragonal ~space group:
P42 /ncm , TLT phase!.8–10 In order to understand the
mechanism of the 18 effect, a stripe model on spins and holes
has been suggested by Tranquada et al.11 from neutron elas-
tic scattering experiments on La22x2yNdySrxCuO4 in which
the TLT structure appears below about 60 K.10,12 Based upon
this model, dynamically fluctuating stripe correlations of
spins and holes are statically stabilized in the TLT phase,
leading to the suppression of SC.11
On the other hand, it has been pointed out by Yamada
et al.13 from neutron inelastic scattering experiments on
La22xSrxCuO4 that incommensurate peaks relevant to the
stripe correlations are observed in a wide range of p. ThisPRB 620163-1829/2000/62~21!/14524~7!/$15.00fact suggests that the dynamically fluctuating stripe correla-
tions of spins and holes exist in a wide range of p and are
statically stabilized at p; 18 per Cu by some pinning force.
Since such incommensulate peaks are also observed in
Y-123 ~Ref. 14! and Bi-2212 systems,15 the 18 effect is ex-
pected to exist also in the Y and Bi systems as well if there
are pinning centers in these systems. Actually, Akoshima
et al.16 have found anomalous transport phenomena and
suppression of the SC at x50.3125 (p; 18 per Cu! in
the partially Zn-substituted Bi-2212 samples of
Bi2Sr2Ca12xYx(Cu12yZny)2O81d , while no anomaly has
been observed in non-Zn-substituted Bi-2212 samples. As no
OMT-TLT structural transition appears at low temperatures
in these systems, they have suggested that substituted Zn-
atoms operate as pinning centers of the stripe correlations of
spins and holes.
We have applied muon-spin-relaxation (mSR) measure-
ments to non-Zn-substituted and Zn-substituted samples of
Bi2Sr2Ca12xYx(Cu12yZny)2O81d around p5 18 per Cu and
found anomalous slowing-down behavior of Cu-spin fluctua-
tions, indicating an enhancement of the magnetic correlation
between Cu spins in the Zn-substituted sample with p; 18 per
Cu.17–20 Although no clear three-dimensional ~3D! long-
range magnetic order of Cu spins has been observed, we14 524 ©2000 The American Physical Society
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Bi-2212 system also and that the 18 effect is common to
high-Tc cuprates with the CuO2 plane.
In our previous mSR study on
Bi2Sr2Ca12xYx(Cu12yZny)2O81d ,18 it has still been unclear
whether the Cu spins are dynamically fluctuating or statically
frozen at low temperatures in the Zn-substituted samples
with p; 18 per Cu. Also, the question whether the stripe cor-
relations of spins and holes exist or not in the Bi-2212 sys-
tem is still open. In this paper, we report the results of zero-
field ~ZF! and longitudinal-field ~LF! mSR measurements on
non-Zn-substituted and Zn-substituted samples of the Bi-
2212 system, Bi2Sr2Ca12xYx(Cu12yZny)2O81d , in a wide
range of p.
II. EXPERIMENT
Polycrystalline samples of
Bi2Sr2Ca12xYx(Cu12yZny)2O81d with y50 and 0.025 in a
wide range of 0.20<x<0.60 were prepared by the ordinary
solid-reaction method. Raw materials of Bi2O3 , SrCO3 ,
CaCO3 , Y2O3, CuO and ZnO were mixed, preheated at
800°C for 12 h and pelletized. The pellet was sintered at
860°C–880°C for 24 h in air. The sintering process was
carried out once again so as to obtain homogeneous samples.
All of the samples were checked to be of the single phase by
x-ray diffraction measurements.
mSR measurements were carried out at the RIKEN-RAL
Muon Facility at the Rutherford-Appleton Laboratory in the
UK.21 A pulsed positive surface-muon beam with a momen-
tum of 27 MeV/c was used. The direction of the initial
muon spin was parallel to the beam line. Forward and back-
ward counters were located on the upstream and downstream
sides in the beam direction. The asymmetry parameter, A(t),
was defined as A(t)5@F(t)-aB(t)#/@F(t)1aB(t)# , where
F(t) and B(t) were total muon events counted by the for-
ward and backward counters at time t, respectively. The a is
a calibration factor reflecting the relative counting efficien-
cies of the forward and backward counters. The initial asym-
metry was defined as A(0). Time evolution of the asymme-
try parameter (mSR time spectrum! was measured in ZF and
LF. The LF was applied along initial muon-spin polarization.
III. RESULTS AND DISCUSSION
A. ZF-µSR
Figure 1 shows the ZF-mSR time spectra of non-Zn-
substituted and Zn-substituted samples at about 20, 1.8, and
0.30 K. The time spectra show Gaussian-type depolarization
behavior in both non-Zn-substituted and Zn-substituted
samples for x<0.25, i.e., p. 18 per Cu, indicating that the
muon spins depolarize only by randomly distributed static
nuclear-dipole field.22 At p; 18 per Cu, the time spectrum of
Zn-substituted sample changes from the Gaussian-type to the
exponential-type below about 10 K, suggesting a change of
the magnetic property of the Cu spins. On the other hand, no
change of the time spectrum from the Gaussian-type is ob-
served in the non-Zn-substituted sample even at p; 18 per
Cu. For x>0.50, i.e., p, 18 per Cu, the depolarization behav-
ior changes to the exponential-type and a part of the initialasymmetry is lost at low temperatures in both non-Zn-
substituted and Zn-substituted samples.
As mentioned in the previous paper,18 the difference of
the muon sites in a sample has to be taken into account in the
analysis of time spectra. Thus the two-component function is
adopted;
A1e2l1t1A2e2l2t3GZ~D ,HLF ,t !. ~3.1!
The first term represents muons which are bound to the oxy-
gen ions of the CuO5 pyramid and depolarize mainly by
additional fields from the Cu spins. The second term de-
scribes the other muons bound to the oxygen ions in the BiO
plane. Since the oxygen ions in the BiO plane are far away
from the CuO2 plane, the influence of internal fields from the
Cu spins is rather small near the BiO plane. Therefore,
muons bound in the BiO plane depolarize mainly by ran-
domly distributed static nuclear-dipole fields. GZ(D ,HLF ,t)
FIG. 1. Zero-field mSR time spectra of the non-Zn-substituted
(y50) and Zn-substituted (y50.025) Bi-2212 system,
Bi2Sr2Ca12xYx(Cu12yZny)2O81d , in a range of 0.20<x<0.60 at
about 20, 1.8, and 0.30 K. Solid lines show the best fit of Eq. ~3.1!.
The value of p is about 18 per Cu at x50.3125 where the supercon-
ductivity is anomalously suppressed ~Ref. 16!.
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tribution width of nuclear-dipole fields at the muon sites.22
gm is the gyromagnetic ratio of the muon spin (2p
313.554 MHz/kG). HLF is LF. In the case of ZF-mSR, we
put zero in HLF . A1 and A2 are the initial asymmetries and
l1 and l2 are the depolarization rates, respectively. When l1
is close to l2 at high temperatures, which means that the
influence of internal fields from the Cu spins is small, it is
difficult to apply the two-component fitting. In this case, a
single-component analysis using only the second term is
adopted for convenience. Solid lines in Fig. 1 are the best fit
of Eq. ~3.1! to the time spectra.
The ratio of A1 to A2 means the ratio of the number of
muons stopping around the CuO2 plane to those around the
BiO plane. It has been found that this ratio is not affected by
the Y-substitution and is similar to that formerly estimated
by Nishida et al.23 in an insulating Bi-2212 sample with x
51.0 and y50.
Figure 2 shows the x dependence, namely, the p depen-
dence of the muon-spin depolarization rate of non-Zn-
substituted and Zn-substituted samples at 0.30 and 1.8 K.
Detailed temperature-dependence of the depolarization rate
around p5 18 per Cu was reported in the previous paper.18 In
the case of the two-component analysis, the fast depolariza-
tion rate, l1, is plotted. In the case of the single-component
analysis, l2 is plotted. For x>0.50, there is no big difference
in the muon-spin depolarization behavior between non-Zn-
substituted and Zn-substituted samples. The depolarization
rate decreases rapidly with decreasing x. For x<0.40, the
depolarization rate in non-Zn-substituted samples becomes
small and independent of p. On the other hand, the depolar-
ization rate of Zn-substituted samples shows a minimum
around x50.40 and exhibits a maximum at x50.3125 (p
; 18 per Cu! where the SC is anomalously suppressed. In the
overdoped region of x<0.25, depolarization rates of both
Zn-substituted and non-Zn-substituted samples are small.
FIG. 2. Y-concentration dependence, namely, p dependence of
the zero-field muon spin depolarization rate of ~a! non-Zn-
substituted samples (y50) and ~b! Zn-substituted samples (y
50.025) of Bi2Sr2Ca12xYx(Cu12yZny)2O81d at 0.30 and 1.8 K.
The depolarization rate is anomalously enhanced around x
50.3125 (p; 18 per Cu! in the Zn-substituted samples. Solid lines
are guides to the eye through the depolarization rate obtained at 1.8
K. The broken lines show the x dependence of Tc determined by
Akoshima et al. from transport measurements with y50 and 0.025
~Ref. 16!.Figure 3 displays the temperature dependence of initial
asymmetries of Zn-substituted samples with x50.50 and
0.60. The initial asymmetries decrease with decreasing tem-
perature below about 10 K and become constant below about
1 K. Taking into account the mSR results on the insulating
Bi-2212 sample23 and those on the La systems,3–7 the de-
crease of the initial asymmetry shows the appearance of a
magnetically ordered state of the Cu spins at low tempera-
tures for x>0.50. The magnetic transition temperature is de-
termined from Fig. 3 to be about 4 and 10 K with x50.50
and 0.60, respectively. The magnetic transition temperature
increases with increasing x, namely, with decreasing p.
Therefore, this magnetically ordered state is concluded to be
related to the antiferromagnetically ordered state in the insu-
lating Bi-2212 sample with x51.0.23 Large values of the
depolarization rate for x>0.50 is concluded to be due to
strong internal fields from the ordered Cu spins.
Accordingly, rapid decrease of the depolarization rate for
x,0.50 means disappearance of the magnetically ordered
state of Cu spins. As mentioned above, the depolarization
rate exhibits a minimum around x50.40 and a maximum
around x50.3125 (p; 18 per Cu! in Zn-substituted samples.
In addition, fast depolarization is no longer observed for x
<0.25. These results clearly suggest that the anomalous
slowing-down behavior of Cu spins around x50.3125 in the
Zn-substituted samples is not due to a residual component of
the magnetically ordered state which is observed in the un-
derdoped region of x>0.50 but due to a singular effect at
p; 18 per Cu. This proves that the 18 effect exists in the Bi-
2212 system also.
B. LF-µSR
1. LF-µSR for x—0.5
Figure 4 shows the LF dependence of time spectrum of
the Zn-substituted sample with x50.60 at 0.30 K. The ob-
servable relaxing part of the time spectrum recovers by the
application of LF of about 50 G. In order to recover the lost
initial asymetry, LF of about 2000 G is needed. The time
spectrum in LF of more than 50 G is independent of t. The
flat time spectrum in LF means that there is no influence of
dynamically fluctuating internal fields at the muon sites. This
FIG. 3. Temperature dependence of the initial asymmetry of
Zn-substituted samples with x50.50 and 0.60 in zero field. The
magnetic transition temperatures are estimated from the midpoint of
the change of the initial asymmetry to be about 4 and 10 K for x
50.50 and 0.60, respectively.
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sample with x50.60 are completely frozen at 0.30 K. The
similar LF dependence of the time spectrum has been ob-
served at 0.30 K in the Zn-substituted sample with x50.50.
These results are consistent with the conclusion that a mag-
netically ordered static state appears at low temperatures for
x>0.50, as mentioned in Sec. III A.
The static internal field at the muon site can be roughly
estimated from the LF dependence of the initial asymmetry
as shown in Fig. 5. The LF dependence is analyzed using the
following equation on the assumption that the magnitude of
the internal field at each muon site is unique but its direction
is random:24–26
A~‘!5A~0 !S 34 2 14x2 1 ~x221 !216x3 2ln~x11 !2~x21 !2D ,
~3.2!
where x5HLF /H loc . H loc is the local field which is produced
by the magnetically ordered Cu-spins at the muon site. A(‘)
is the residual asymmetry left after a long time. The solid
lines in Fig. 5 are the best fit of Eq. ~3.2!. The internal field
FIG. 4. Longitudinal-field dependence of the time spectrum of
the Zn-substituted sample with x50.60 at 0.30 K. The flat tail of
the time specrum in LF means that the Cu-spin fluctuations are
almost frozen.
FIG. 5. Longtudinal-field dependence of the initial asymmetry
of Zn-substituted samples with x50.50 and 0.60 at 0.30 K. Solid
lines are the best fit of Eq. ~3.2!.at the muon site is estimated to be 300627 and 373631 G
for x50.50 and 0.60, respectively. These values are similar
to that obtained in an insulating Bi-2212 sample with x
51.0 and y50.23 Accordingly, Cu spins with 0.5 mB are
expected to be statically ordered at low temperatures in Zn-
substituted samples of x>0.50.
Figure 6 shows the LF dependence of the time spectrum
of the Zn-substituted sample with x50.60 at 11 K which is
just above the magnetic transition temperature. The LF de-
pendence is completely different from that obtained at 0.30
K ~Fig. 4!. The tail of the time spectrum is quenched by the
application of LF of 50 G, but the exponential-type depolar-
ization is still observed even in LF of 2000 G. This is the
evidence that the Cu spins are dynamically fluctuating at 11
K. The reason why the LF dependence was measured at 11 K
is that the ZF time spectrum is very similar to that of the
Zn-substituted sample with x50.3125 at 0.30 K. So that, the
comparison of the LF dependence attracts interest, as will be
discussed in Sec. III B 2.
2. LF-µSR at x˜0.3125
LF was applied to the Zn-substituted sample with x
50.3125 at 0.30 K as shown in Fig. 7 in order to investigate
magnetic properties of Cu spins. The time spectrum is
quenched gradually with increasing LF, but long-time depo-
larization is still observable even in LF as high as 3950 G.
The existence of this long-time depolarization in LF suggests
that dynamically fluctuating components of internal fields
still remain at the muon sites.
From the comparison among LF dependences of the time
spectra shown in Fig. 4, 6, and 7, it is found that decoupling
behavior of the Zn-substituted sample with x50.3125 ob-
tained at 0.30 K ~Fig. 7! is quite different from that of the
Zn-substituted sample with x50.60 at 0.30 K ~Fig. 4! but
exhibits more or less similar tendency to that at 11 K ~Fig.
6!. Taking into account that the depolarization behavior of
the Zn-substituted sample with x50.3125 at 0.30 K is simi-
lar to that of the Zn-substituted sample with x50.60 at 11 K
in which the Cu spins are regarded as being dynamically
fluctuating, it is concluded that the Cu spins in the Zn-
FIG. 6. Longitudinal-field dependence of the time spectrum of
the Zn-substituted sample with x50.60 at 11 K. Solid lines show
the best fit of Eq. ~3.1!.
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ating at 0.30 K.
3. Dynamical property of the Cu spins
Time spectra of the Zn-substituted sample with x
50.3125 at 0.30 K are analyzed using Eq. ~3.1! and the best
fit results are shown by the solid lines in Fig. 7. Values of l1,
obtained from the fitting, are shown in Fig. 8. It is found that
l1 decreases with increasing LF in the relationship of l1
}(HLF)n with n520.6. The LF dependence of l1 of the
Zn-substituted sample with x50.60 at 11 K is also shown in
Fig. 8. In this case, l1 decreases with increasing LF, but its
dependence above about 100 G is much weaker than that of
the Zn-substituted sample with x50.3125.
There may be a possibility that magnetic moments are
locally induced around substituted Zn ions and fluctuate
FIG. 7. Longitudinal-field dependence of the time spectrum of
the Zn-substituted sample with x50.3125 at 0.30 K. Solid lines
show the best fit of Eq. ~3.1!.
FIG. 8. Longitudinal-field dependences of the depolarization
rate, l1, of the Zn-substituted sample with x50.3125 at 0.30 K and
of the Zn-substituted sample with x50.60 at 11 K. The solid line is
the best fit showing nearly l1}HLF
20.5
. The broken line is the best fit
showing the 1D13D diffusion model.slowly to produce dynamically fluctuating internal fields at
the muon sites. If this is the case, induced magnetic moments
weakly interact with each other through the dipole-dipole
interaction and the LF dependence of l1 can be described by
the Redfield’s equation as follows:27
l15
2gm
2 H loc
2 tc
11gm
2 HLF
2 tc
2 , ~3.3!
where tc is the correlation time of muon spins. However, Eq.
~3.3! shows a convex shape as a function of HLF in a log-log
plot, so that this function cannot discribe the experimental
result of l1 vs HLF . Therefore, this model is not suitable for
explaining the Cu-spin state of the Zn-substituted sample
with p; 18 per Cu.
HLF
20.5 dependence of the dynamical depolarization rate
was observed by Nagamine et al.28 and Ishida et al.29 in low-
dimensional materials such as polyacetylene with one-
dimensional ~1D! chains of molecules. In this case, dynami-
cally fluctuating internal fields at the muon sites were
understood to be produced by the 1D diffusion of a muon-
induced soliton state. According to Butler et al.,30 in case
that a spin-excited state diffuses in a crystal making fluctu-
ating internal field, the LF dependence of the dynamical de-
polarization rate reflects the dimensionality of the diffusion
of the spin-excited state. That is, the depolarization rate is
proportional to HLF
20.5 in the case of 1D diffusion, C2D
2ln(HLF) in the case of two-dimensional ~2D! one and
C3D–HLF
0.5 in the case of 3D one, where C2D and C3D are
constants. Actually, these LF dependences of the dynamical
depolarization have been observed also in conducting poly-
mers by Pratt et al.31
l1 of the Zn-substituted sample with x50.3125 at 0.30 K
nearly exhibits HLF
20.5 dependence as shown in Fig. 8. Thus,
on the analogy of mSR results of low-dimensional
materials,28,29,31 a model can be supposed that a magnetically
excited state of the Cu spins like a soliton or a magnon state
diffuses in a 1D direction within the CuO2 plane producing
fluctuating internal fields at the muon sites. This model may
be understood by assuming the existence of the 1D stripe
correlations of spins and holes also in the Bi-2212 system. In
this case, the movement of the spin-excited state which is
supposed from the present mSR study is restricted to be in
the 1D spin and/or hole chains. In addition, the spatial region
where the stripe correlations exist is also expected to move
in parallel or perpendicularly to the stripe direction, because
the stripe correlations are periodic in the 1D direction within
the CuO2 plane. These motions are like the 1D diffusion.
Therefore, the observation of HLF
20.5 dependence of l1 in the
present mSR study is expected to support the existence of the
stripe correlations also in the Bi-2212 system at p; 18 per
Cu. Actually, this scheme is supported by a recent neutron
inelastic scattering experiment on the Bi-2212 system which
is suggestive of the existence of the stripe correlations.15
Consequently, the following scenario seems to be reason-
able at p; 18 per Cu in the Bi-2212 system. As there is no
pinning center in non-Zn-substituted samples, spins and
holes fluctuate in high frequencies out of the mSR time win-
dow which is typically between 1026 and 10211 sec. Once
Zn is partially substituted for Cu, the substituted Zn ions act
PRB 62 14 529MUON-SPIN-RELAXATION STUDY ON THE Cu-SPIN . . .as pinning centers of the stripe correlations of spins and
holes and tend to make them static.
Finally, it is worthwhile mentioning the LF dependence of
l1 of the Zn-substituted sample with x50.60 at 11 K. It has
been found that the LF dependence of l1 cannot be ex-
plained by a single-component diffusion model of a spin-
excited state as in the case of the Zn-substituted sample with
x50.3125 at 0.30 K. After trial and error, it has been found
that a 1D13D diffusion model is the best to explain the LF
dependence of l1, as shown by the broken line in Fig. 8.
This suggests a possibility of the existence of the stripe cor-
relations of spins and holes in the underdoped region also.
However, more detailed mSR or other experiments are re-
quired to reveal the detailed Cu-spin state in this region.
IV. SUMMARY
ZF- and LF-mSR measurements were applied to non-Zn-
substituted and Zn-substituted samples of the Bi-2212 sys-
tem, Bi2Sr2Ca12xYx(Cu12yZny)2O81d , in a wide range of p
in order to examine the existence of the so-called 18 effect
and the stripe correlations of spins and holes. A magnetically
ordered state of the Cu spins has been confirmed at low
temperatures for x>0.50, i.e., p, 18 per Cu. The magneti-
cally ordered state disappears for x<0.40. It has been con-
firmed from the ZF-mSR measurements that the muon-spin
depolarization rate exhibits a local maximum around x
50.3125, i.e., p; 18 per Cu in Zn-substituted samples and
that the magnetic correlation between Cu spins is enhancedaround this p region. These results prove that the 18 effect
exists in the Bi-2212 system also.
The LF dependence of the time spectrum of the Zn-
substituted sample with x50.3125 at 0.30 K has been found
to be similar to that of the Zn-substituted sample with x
50.60 at 11 K in which the Cu spins are still dynamically
fluctuating. In addition, the long-time depolarization behav-
ior has remained even in LF of 3950 G, suggesting the exis-
tence of dynamically fluctuating internal fields at the muon
sites. Therefore, it is concluded that the Cu spins in the Zn-
substituted sample with x50.3125 are dynamically fluctuat-
ing even at low temperatures as low as 0.30 K.
The LF dependence of the dynamical depolarization rate
of muon spins in the Zn-substituted sample with x50.3125
at 0.30 K has been found to be nearly proportional to HLF
20.5
.
This LF dependence can be understood by assuming the ex-
istence of the 1D diffusion of a magnetically excited state of
the Cu spins which is producing fluctuating internal fields at
the muon sites. This model may support the existence of the
1D stripe correlations of spins and holes in the Bi-2212 sys-
tem also.
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